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MULTIPLE CYTOCHROMES b IN MYCOBACTERIUM PHLEI
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SUMMARY. Electron transport particles from M. phlei contain at least 3
different active forms of cytochrome b, one reduced by NADH, with a A«
at 563 nm (byy563), and the other two reduced by either succinate or NADH,
with Ay at 559 and 563 nm (bg559) and (bg563). Low temperature Mmax

for cy’cocﬁrome b reduction with NADH or succinate are described. During
steady state only bSS63 was observed with succinate. In the presence of ATP,
succinate reduced an increased amount of a b563. A branching of the NAD'-
linked pathway and a convergence at the level of cytochrome c¢ is suggested,
with only one branch accessible to succinate.

INTRODUCTION. Early studies of the electron transport pathways of phos-

phorylating membranes from Mycobacterium phlej (1) revealed that cyto-

chromes cs G anda+a 3 were almost completely reduced by either succinate
or NAD'-linked substrates while cytochrome b was only partially reduced by
succinate or malate. Moreover, after completion of enzymatic reduction,
even with all substrates combined, a relatively large amount of unreduced
cytochrome b remained which was reducible by dithionite,

The discovery by Chance (2) of multiple forms of cytochrome b in mito-
chondria has led to many investigations of the occurrence, properties, and
interrelationships of these components (3-9). Lanyi (10) described two b-type
cytochromes in a halophilic bacterial electron transport chain and suggested

that the cytochromes b were on separate pathways, converging at the c-type
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cytochromes. This study describes the multiple cytochromes b found in M.
phlei and their relationship to different electron transport pathways. A pre-

liminary account of this work has appeared elsewhere (11).

MATERIALS AND METHODS. Electron transport particles (ETP) from Myco-

bacterium phlei were prepared as previously described (12). The washed ETP
were resuspended for use in 10 mM MgClz. Protein was estimated by the
method of Stadtman et al., (13). All spectral studies were performed on an

Aminco spectrophotometer, Model DW-2.

RESULTS AND DISCUSSION. Spectrophotometric studies of cytochrome b are

complicated since this component appears as a shoulder on the maximum (551
nm) of cytochrome c. Ascorbate and N, N, N, N'-tetramethyl -p -phenylene-
diamine (TPD) have been shown in M. phlei to reduce cytochromes ¢y cand
atag (14). Thus the addition of ascorbate-TPD to reference and sample allows
cytochrome b absorption peaks resulting from other substrate additions to be
visualized.

The Mnax for cytochrome b reduced by succinate in M, phlei ETP were
at 559, 528, and 430 nm (Fig. 1B). The peaks obtained with succinate were
all rather broad and a shoulder could be seen on the ¢ peak at about 563 nm.
Difference spectra taken immediately after addition of substrate revealed that
the first cytochrome b component reduced by succinate was at 563 nm (Fig. 2).
The appearance of reduced cytochrome c is due to the higher rate of reduction
of cytochrome ¢ by succinate than by TPD since the latter concentration was
rate limiting (14).

When NADH was used as a substrate (Fig. 1A), the cytochrome b
absorption peaks were larger and had maxima different from those obtained
with succinate (Fig. 1B). A combination of the two substrates reduced no more
cytochrome b than did NADH alone, indicating that some of the cytochrome b
reduced by NADH was identical to that reduced by succinate. An NADH re-

duced minus succinate reduced difference spectrum (Fig. 1C) revealed that
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Fig. 1. Difference spectra of cytochrome b reduced by NADH or by succinate.

The reaction mixture consisted of 100 pmoles of HEPES-KOH buffer,
pH 7.5, 15 pmoles of MgCl,, 20 pmoles of ascorbate, 2 pmoles of TPD, ETP
(6. 85 mg), substrate, and water to a final volume of 3.1 ml. The optical
path length was 1 cm. The spectra were taken after the cytochrome b was
fully reduced in both cuvettes as determined by previous kinetic studies.

A : 5 pmoles of NADH in the sample cell.

B : 100 pmoles of succinate inthe sample cell.

C : 5 pmoles of NADH in the sample and 100 pmoles of succinate in the
reference cell.

the )‘max for the cytochrome b reducible only by NADH were at 563, 530, and
432 nm., The Anax listed here were confirmed using a Cary spectrophotometer,
Model 14, witha O - .1 slide wire. Thus it appears that cytochrome b re~
duction occurs on two different pathways involving different types of cytochrome
b: the NADH b (bN563) and the succinate reduced components involving two b
cytochromes, bSS63 and b8559. It is of interest that although NADH can re-
duce the succinate cytochromes b, succinate cannot reduce the bN563. It
appears that the bSSS9 and the bSS63 involve two forms of cytochrome b since
during steady state the major absorption peak was at 563 nm.

In the presence of ATP, succinate reduced additional cytochrome b

(Fig. 3A and B). The addition of ATP resulted in a slight red shift of all
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Fig. 2. Difference spectrum of cytochromes b and ¢ reduced by succinate in
the steady state.

The reaction mixture was the same as that described in Fig. 1, except
that 7. 18 mg of protein were used and the final volume was 3.0 ml. The
spectrum was run 30 seconds after the addition of 100 pmoles of succinate to
the sample cuvette,

the cytochrome b absorption peaks. The Mnax of this ATP-dependent cyto~
chrome are shown in a difference spectrum of succinate plus ATP reduced
minus succinate reduced cytochrome b (Fig. 3C). The ¢ peak was rather
broad and the Mnax appeared to be at 563 nm and 433 nm. The presence of
ATP decreased the amount of cytochrome b reduced by NADH.

Spectra of chemically reducible cytochrome b are shown in Fig. 4.
Trace A indicates the total amount of chemically reducible cytochrome b in
the ETP, Trace B shows that a substantial amount of cytochrome b could not
be reduced enzymatically (dithionite reduced minus NADH reduced). Similar
findings have been reported in yeast mitochondria by Sato et al., (9), who
suggested that this pool of inactive cytochrome b might have been formed

during preparation of the membranes.

Low temperature spectra of cytochrome b in ETP gave )‘max of 555,

528, and 428 nm, with prominent shoulders at 555 and 561 nm for the cyto-
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Fig. 3. Difference spectra of cytochrome b reduced by succinate and ATP.

The reaction mixture and conditions for traces A + B were the same
as those described in Fig, 1.

A : 100 pmoles of succinate in the sample cell.

B : 5 pmoles of ATP and 100 pmoles of succinate in the sample cell.

C : The reaction mixture consisted of 100 ymoles of HEPES-KOH buffer,
pH 7.5, 15 pmoles of MgCl,, ETP (6.25 mg), substrate, and water to
a final volume of 3.15 ml. In addition, the sample cell contained 5
pmoles of ATP and both cells received 100 pmoles of succinate.

chrome b reduced by succinate (Table I). Both the 555 absorption and the
shoulder were increased in the presence of ATP. Spectra of succinate plus
ATP reduced minus succinate reduced cytochrome b, exhibited Apax for the
ATP-dependent cytochrome b at 561, 530, and 431 nm, with small shoulders

at about 556 and 428 nm. Cytochrome bN563 (NADH reduced minus succinate
reduced), exhibited low temperature Amax at 561, 530, and 431 nm, with small

shoulders at 557 and 428 nm. The spectrum of the total cytochrome b reduced
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Fig. 4. Difference spectra of chemically reducible cytochrome b.

The reaction mixture consisted of 100 pmoles of HEPES~KOH buffer,
pH 7.5, 15 pmoles of MgCl,, and 6.42 mg of ETP in a final total volume of
3.1 ml.

A : Total chemically reducible cytochrome b. 20 pmoles of ascorbate and

2 pmoles of TPD were added to the reference cell. After cytochrome
reduction was complete in the latter, few grains of solid dithionite
were added to the sample. The spectrum was taken 4 min later.

B : Non-enzymatically reducible cytochrome b. The reference cell received
5 pmoles of NADH. After cytochrome b reduction was complete, solid
dithionite was added to the sample cell and the spectrum was run 4 min
later.,

by NADH had broad peaks with Apax &t 556, 561, 528, and one from 428 to
432 nm.

It is apparent that the ETP of M. phlei contain several b-type cyto-
chromes which serve different pathways. A branching of the NAD+-linked
electron transport chain is involved since NADH can reduce the cytochromes
on both pathways. The two pathways probably converge at cytochrome c v
accounting for the incomplete sensitivity of NADH oxidation to 2-n-nonyl-
hydroxyquinoline -N -oxide (NHQNO) which completely inhibits succinate
oxidation, and the observed reduction of cytochrome ¢ by NADH but not by

succinate in the presence of NHQNO (14). Thus NHQNO inhibits on the cyto -
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TABLE 1
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Low Temperature Absorption Maxima of Cytochromes b in M. phlei

Conditions

Reference Sample o 3 Y

Ascorbate-TPD Succinate + 555 (5615*) 528 428 (432S)
Ascorbate-TPD

Ascorbate-TPD Succinate + ATP + 355 (5618) 528-529 428-431
Ascorbate-TPD

Succinate Succinate + ATP 561 (5568S) 530 431 (428S)

Succinate NADH 561 (557S) 530 431 (4285)

Ascorbate-TPD NADH + 556, 561 528-529 428-432
Ascorbate-TPD (broad) (broad) (broad)

The spectra were taken at the temperature of liquid nitrogen in an Aminco DW-2
spectrophotometer with a bandpass of 0.5 to 1.0 nm. The optimal path length was 2 mm.
The reaction mixture consisted of 24 pmoles of HEPES-KOH buffer, pH 7.5, 3.3 pmoles

of MgCl,, 2.77 mg of ETP, substrates, and water to a final volume of 0.6 mi. The
amounts of substrates used were 20 pmoles of succinate, 1 pmole of NADH, 10 pmoles
of ascorbate and 1 pmole of TPD. One umole of ATP was used. *S = shoulder.

chrome bS pathway. The existence of two differentially accessible cytochromes
b which have the same spectral characteristics (bN563 and bSS63) might be due
to some compartmentalization of the components and/or to differences in their
oxidation reduction potentials. From the present data it is not clear whether
the transfer of electrons from NADH to the cytochromes b on the succinate
pathway occurs via the NADH cytochrome b or at a site prior to this. Lanyi (10)
has suggested an interaction of NADH with the succinate pathway in a halophilic

bacterium at the flavoprotein level.
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